Abstract-COX (cyclooxygenase)-derived prostaglandins regulate renal hemodynamics and salt and water homeostasis.
I
n the mammalian kidney, prostaglandins are important mediators of vascular tone and salt and water balance and are involved in the mediation and modulation of hormonal action, such as renin release and antagonism of vasopressin. Prostaglandins arise from enzymatic metabolism of free arachidonic acid, which is cleaved from membrane phospholipids by phospholipase A 2 activity. COX (cyclooxygenase; prostaglandin synthase G 2 /H 2 ) is the rate-limiting enzyme in metabolizing arachidonic acid to prostaglandin G 2 and subsequently to prostaglandin H 2 , which serves as the precursor for subsequent metabolism by prostaglandin and thromboxane synthases. Two isoforms of COX exist in mammals, constitutive COX-1 and inflammatory-mediated and glucocorticoidsensitive COX-2. COX-1 is expressed in mammalian kidney in vasculature, glomerular mesangial cells, and collecting duct. The highest expression of COX-2 in mammalian kidney is in the macula densa in the cortex and in lipid-rich interstitial cells in the medulla, 1 although other cell types have also been
shown to express detectable levels of the enzyme under some conditions and in some species, including afferent arterioles, podocytes, and intercalated collecting duct cells.
2,3
Essential hypertension is a major source of morbidity and mortality in the general population, and a significant percentage of hypertensive patients manifest salt-sensitive hypertension. In addition, at least a quarter of normotensive individuals also show salt sensitivity. 4 The cause of salt-sensitive hypertension is undoubtedly multifactorial, but both experimental and epidemiological evidence link abnormalities in the COX-2/prostaglandin system to its pathogenesis. 5 COX-2 inhibitors, as well as nonselective nonsteroidal antiinflammatory drugs, are among the most commonly prescribed and over-the-counter medications and are known to elevate blood pressure and antagonize the blood pressurelowering effect of antihypertensive medication to an extent that may potentially increase hypertension-related morbidity in many users. [6] [7] [8] Prostaglandins inhibit medullary sodium and water excretion by integrated actions to inhibit thick ascending limb NaCl reabsorption and to inhibit collecting duct sodium and water reabsorption. COX-2 expression increases in renal medullary interstitial cells (RMICs) in response to a high-salt diet. 9 However, it remains uncertain whether these cells are the major source of the prostaglandins that mediate the natriuretic and diuretic effects. The goal of the present studies was to determine whether selective deletion of RMIC COX-2 alters the kidney's ability to regulate salt and water homeostasis using inducible Tenascin-C-CreER2:COX-2 f/f mice (RMIC COX-2 −/− mice).
Materials and Methods
The data will not be available to other researchers. We will make the mice available to other researchers.
Animal Studies
All animal experiments were performed in accordance with the guidelines and with the approval of the Institutional Animal Care and Use Committee of Vanderbilt University.
Generation of Mice With COX-2 Deletion in RMICs
COX-2 f/f mice in which exons 6, 7, and 8 of Cox-2 gene are flanked by Lox P sites were originally generated in Fitzgerald laboratory. 10 The COX-2 f/f mice were crossed with inducible Tenascin-C-CreER2 mice, in which Cre recombinase activity is induced in adult mice by tamoxifen administration.
11 Tenascin-C is an effective marker of medullary interstitial cells. 12 Both mouse strains were on the C57BL/6 background, which is normally resistant to COX-2 deficiency-mediated hypertension. 13 At 2 months of age, both COX-2 f/f (wild type) and Tenascin-C-CreER2:COX-2 f/f (RMIC COX-2 −/− ) mice were treated with tamoxifen (Sigma, T6648, dissolved in corn oil) at a dose of 160 mg/kg by intraperitoneal injection for 5 consecutive days. Two weeks after the last injection, the mice were used for experiments.
Genotyping
DNA was isolated from tail snips. Cre and Cox-2 allele genotypes were determined as previously described. 10, 11 All polymerase chain reaction (PCR) reactions were performed using an MJ Research thermal cycler. 
TUNEL Staining

RNA Isolation and Quantitative Real-Time PCR
Total RNAs from inner medullae/papillae were isolated using TRIzol reagents (Invitrogen). Quantitative real-time PCR was performed using TaqMan real-time PCR (7900HT, Applied Biosystems). The master mix and all gene probes were also purchased from Applied Biosystems. The probes used in the experiments included mouse S18 (Mm02601778), COX-2 (Mm00478374), cystic fibrosis transmembrane conductance regulator (CFTR; Mm00445197), AQP2 (aquaporin 2; Mm00437575), Atp1a1 (Na,K-ATPase subunit α1; Mm00523255), Atp1b1 (Na,K-ATPase subunit β1; Mm00437612), ENaC-α (epithelial sodium channel subunit α; Mm00803386), ENaC-β (Mm00441215), and ENaC-γ (Mm00441228).
Antibodies
Rabbit anti-AQP2 antibody was purchased from Abcam (ab15116, Cambridge, MA), rabbit anti-COX-2 antibodies were from LifeSpan BioSciences (LS-C210609), as well as Thermo Fisher (MA5-14568), and monoclonal 4-hydroxynonenal antibody was from R&D systems (MAB3249).
Immunohistochemistry Staining
The animals were anesthetized with Nembutal (70 mg/kg, IP) and given heparin (1000 units/kg, IP) to minimize coagulation. One kidney was removed for quantitative real-time PCR, and the animal was perfused with 3.7% formaldehyde, 10 mmol/L sodium m-periodate, 40 mmol/L phosphate buffer, and 1% acetic acid through the aortic trunk cannulated by means of the left ventricle. The fixed kidneys were dehydrated through a graded series of ethanols, embedded in paraffin, sectioned (4 µm), and mounted on glass slides. Immunostaining was performed as in previous reports.
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Blood Pressure Measurement Using Tail-Cuff and Carotid Catheterization
For tail-cuff blood pressure measurements, mice were trained for 3 consecutive days at room temperature before systolic blood pressure (SBP) was recorded using a tail-cuff monitor (BP-2000 BP Analysis System; Visitech System). SBPs recorded in 2 days were averaged and used as values from 1 mouse. For catheterization blood pressure measurements, blood pressure was recorded every minute for 1 hour, and the average of all recorded blood pressure was used as blood pressure from 1 mouse. Blood pressure measurement using carotid catheterization was performed through the Vanderbilt Mouse Metabolic Phenotyping Center. Mice were anesthetized with 80 mg/kg of ketamine (Ft Dodge Laboratories) and 8 mg/kg of inactin (BYK) by intraperitoneal injection and were placed on a temperature-controlled pad. After tracheostomy, phycoerythrin 10 tubing was inserted into the right carotid artery. The catheter was tunneled under the skin, exteriorized, secured at the back of the neck, filled with heparinized saline, and sealed. The catheterized mouse was housed individually, and 24 hours later, data were collected with a Blood Pressure Analyzer (Micro-Med). 15 SBP, diastolic blood pressure, mean arterial pressure, and heart rate were recorded every minute for 60 minutes. The average of the recorded data from each individual awake mouse was used.
Acute Volume Expansion
Mice (on a high-salt diet for 2 weeks to increase RMIC COX-2) were intraperitoneally injected with isotonic saline (10% of their body weight), then immediately placed in a 96 well chamber as shown in Figure S1 in the online-only Data Supplement, and 4-hour urine was collected. Urinary sodium was determined using a flame photometer.
Urinary Osmolality
Mice were water deprived for 12 hours (8:00 pm to 8:00 am), and then urine was collected for measurement of urine osmolality using a microosmometer (μOsmette; Precision Systems, Natick, MA).
Statistics
All values are presented as means, with error bars representing±SEM. P values were calculated by Student t test.
Results
To delete COX-2 expression selectively in RMICs, we crossed COX-2 f/f mice with inducible Tenascin-C-CreER2 transgenic mice (Tenascin-C-CreER2:COX-2 f/f mice, RMIC COX-2 −/− ), in which Cre recombinase activity is induced in adult mice by tamoxifen administration. 16 Tenascin-C is an effective RMIC marker. 12 Inducible deletion of COX-2 expression in RMIC in adult mice avoided any potential developmental abnormality of the inner medulla/papilla. As indicated in Figure 1A , COX-2 mRNA expression was markedly decreased in papillae after tamoxifen administration. To confirm further the effectiveness of COX-2 deletion in RMICs, COX-2 immunostaining was performed in kidneys after high-salt diet for 2 weeks because high salt intake increases interstitial COX-2 expression. 17, 18 As indicated in Figure 1B , strong COX-2 immunoreactivity was apparent in many interstitial cells (arrows) in wild-type (COX-2 f/f ) mice, but only a few interstitial cells were COX-2 positive in kidneys of RMIC COX-2 −/− mice. Therefore, COX-2 expression was effectively deleted in medullary interstitial cells in RMIC COX-2 −/− mice. To investigate the role of RMIC COX-2 in regulation of salt and water excretion (natriuresis and diuresis) in response to acute volume expansion, mice with or without a high-salt diet for 2 weeks, to increase RMIC COX-2 expression, were intraperitoneally administrated 10% body weight of warm isotonic saline. At baseline or after high-salt diet for 2 weeks, RMIC COX-2 −/− mice had impaired ability to rapidly excrete salt and water, compared with littermate COX-2 f/f mice ( Figure 2) . Therefore, RMIC COX-2 plays an important role to facilitate sodium and water excretion efficiently in response to acute volume expansion. To investigate the potential mechanisms underlying RMIC COX-2 mediated-natriuresis and diuresis, we determined the expression of transporters expressed in the inner medulla. Expression and activation of the water channel, AQP2, is known to be downregulated by medullary prostaglandins. [19] [20] [21] [22] As indicated in Figure 3A , AQP2 mRNA levels were markedly higher in high-salt-treated RMIC COX-2 −/− mice than high-salt-treated COX-2 f/f mice. In addition, immunostaining indicated that the density of AQP2 expression in renal medullary collecting duct epithelial cells (particularly, inner medulla) was more intense in RMIC COX-2 −/− mice than in COX-2 f/f mice. Furthermore, more AQP2 immunoreactivity was observed in the apical membrane of collecting duct epithelial cells from RMIC COX-2 −/− mice, consistent with higher water channel activity.
The CFTR is expressed along all the nephron segments and facilitates chloride secretion in the medullary collecting duct. 23, 24 We found that CFTR mRNA levels were markedly lower in RMIC COX-2 −/− mice than in COX-2 f/f mice ( Figure 3B ), suggesting that COX-2-mediated prostanoids from RMICs may increase chloride secretion through upregulation of CFTR in the medulla. In addition, deletion of RMIC COX-2 led to increases in renal medullary mRNA levels of α and γ subunits of ENaC and β subunit of Na+/K+ ATPase ( Figure 3C ).
Global COX-2 deletion did not affect blood pressure in C57/BL6 mice on a normal-salt diet, 13 and high salt alone did not markedly increase blood pressure in wild-type mice or rats, although high salt plus selective COX-2 inhibition increased blood pressure in both. 25, 26 In preliminary studies, we also found that RMIC COX-2 −/− did not affect blood pressure when fed a normal-salt diet. However, when mice were administered a high-salt diet and blood pressure was continuously measured by tail-cuff plethysmography, COX-2 f/f mice had minimal increases in SBP, but RMIC COX-2 −/− mice developed progressively increased SBP for the first 3 to 5 weeks of treatment ( Figure 4A ). Similarly, increased SBP, diastolic blood pressure, and mean arterial pressure were seen when blood pressure was measured with indwelling carotid catheterization in awake mice on a high-salt diet for 4 weeks (diastolic blood pressure, 101.1±0.9 versus 88.8±2. 4 Figure 4B ). Heart rate difference was minimal between 2 groups (524±13 versus 473±17 of COX-2 f/f , P>0.05). When the mice were treated with high salt for an extended period of time (up to 9 weeks), blood pressure in the RMIC COX-2 −/− mice progressively decreased from its peak and eventually fell to levels lower than in the COX-2 f/f mice ( Figure 4A ). Even after return to a normal-salt diet for 3 weeks after 9 weeks of high-salt diet, RMIC COX-2 −/− mice still had persistently lower blood pressures ( Figure 4C ) and a persistent urinary concentrating defect compared with COX-2 f/f mice ( Figure 4D ). However, baseline urinary concentrating ability was comparable between COX-2 f/f mice and RMIC COX-2 −/− mice (mOsm/kg H 2 O, 3300±95 versus 3129±113 of COX-2 f/f , P>0.05; n=8 in COX-2 f/f group and n=9 in COX-2 −/− group). Morphological examination either by magnetic resonance imaging or direct examination indicated striking loss of papillae in the RMIC COX-2 −/− mice in response to chronic high salt exposure (Figure 5 ), which was not seen in RMIC COX-2 −/− mice maintained on the normal-salt diet (not shown). COX-2 f/f on chronic high-salt diet exhibited normal papillae.
To investigate whether RMIC COX-2-derived prostanoids exerted cytoprotective effects on structures in the inner medulla, we determined that there was increased TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) Figure 3 . Renal medullary interstitial cell (RMIC) COX-2 (cyclooxygenase-2) deficiency led to increases in expression of sodium transporters and AQP2 (aquaporin 2) but decreases in CFTR. Mice were fed with high-salt diet for 2 wk. A, RMIC COX-2 deficiency led to increases in AQP2 mRNA and protein expression in the inner medullae/papillae. In addition, the immunostaining density in the apical plasma membrane was higher in RMIC COX-2 −/− mice than in COX-2 f/f mice (arrows), an indication of increased AQP2 activity. Original magnification: ×400. ***P<0.001, n=6 in the COX-2 f/f group and n=8 in the RMIC COX-2 −/− group. Scale bar: 50 µmol/L. B, The mRNA levels of cystic fibrosis transmembrane conductance regulator (CFTR) decreased in RMIC COX-2 −/− mice. **P<0.01, n=6 in the COX-2 f/f group and n=8 in the RMIC COX-2 −/− group. C, The mRNA levels of ENaCα (epithelial sodium channel subunit α), EnaCγ, and Atp1b1 were increased in RMIC COX-2 −/− mice. *P<0.05, **P<0.01, n=6 in the COX-2 f/f group and n=8 in the RMIC COX-2 −/− group. All values are means±SEM. P values were calculated by Student t test.
staining in papillae of RMIC COX-2 −/− mice as early as 2 weeks after institution of a high-salt diet ( Figure 6A ) and increased oxidative stress, as indicated by increased papillary 4-hydroxynonenal immunostaining ( Figure 6B ).
Discussion
With salt loading, PGE 2 (prostaglandin E 2 ) production in the medulla increases and inhibits water reabsorption by antagonizing vasopressin action and decreasing AQP2 expression 22 and stimulates salt excretion by inhibiting sodium reabsorption by decreasing ENaC expression and stimulating chloride excretion through activation of CFTR. 24 The current studies utilized inducible COX-2 deletion in RMICs to investigate the potential role of RMIC COX-2 expression in renal handling of sodium and water homeostasis and maintenance of the structural integrity of the papilla. RMIC Figure 4 . Renal medullary interstitial cell (RMIC) COX-2 (cyclooxygenase-2) deficiency caused salt-sensitive hypertension and papillary damage in response to chronic salt loading. Both COX-2 f/f and RMIC COX-2 −/− mice were fed with a high-salt diet (8% NaCl) after tamoxifen administration for 2 wk. A, Systolic blood pressure (SBP) was monitored with tail cuff microphonic manometer after initiation of high-salt treatment (8% NaCl). High salt administration had no apparent effect on blood pressure (BP) in COX-2 f/f mice throughout experiment period, but increased BP in RMIC COX-2 deficient mice for the first 5 wk, and then led to progressively decreased BP. COX-2 −/− mice exhibited impaired renal sodium and water excretion in response to acute volume expansion; inner medullary AQP2 mRNA and protein levels were higher in RMIC COX-2 −/− mice than in COX-2 f/f mice in response to a high salt intake, and mRNA expression of other relevant sodium transporters, including α and γ subunits of ENaC and β subunit of Na + /K + -ATPase were also increased in RMIC COX-2 −/− mice, whereas expression of CFTR was decreased. The other striking finding was that RMIC COX-2 −/− mice initially developed salt-sensitive hypertension, but long-term high salt intake led to papillary loss in RMIC COX-2 −/− mice, in association with lower blood pressure and impaired urinary concentrating ability, at least in part because of increased apoptosis and oxidative stress in both RMIC and surrounding collecting duct cells. Of note, the persistent low blood pressure and the impaired urinary concentrating ability seen in RMIC COX-2 −/− mice after long-term highsalt diet is because of papillary damage or loss, rather than a physiological effect.
The adult mammalian kidney is a particularly rich source of prostaglandin, as well as an important biological target of these prostaglandins. 1 In the medulla, COX-2 is primarily expressed in medullary interstitial cells, particularly in the papilla tip, and a high-salt diet has been shown to upregulate COX-2 expression in RMICs.
1,27 COX-2 inhibitors reduce urinary sodium excretion during an initial period of salt loading. 25, [28] [29] [30] [31] In rats with uninephrectomy plus high-salt diet, medullary infusion of a selective COX-2 inhibitor resulted in salt-sensitive hypertension. 31 However, these studies did not determine the source of COX-2-derived prostanoids. It has been suggested that nonsteroidal anti-inflammatory drugs/COX-2 inhibitorinduced increases in blood pressure might be due in part to inhibition of endothelial COX-2-derived prostacyclin 32, 33 or myeloid COX-2-derived PGE 2 . 26 Our current study provides clear proof of the importance of COX-2 expression in RMIC in mediating renal salt and water regulation and demonstrate that inhibition of RMIC COX-2 contributes to salt-sensitive hypertension.
In addition to their role in regulating salt and water homeostasis, there is evidence that inner medullary prostanoids provide an important survival function for inner medullary structures because papillary necrosis or apoptosis has been reported with both nonselective and COX-2-selective inhibitors. 34, 35 In mouse renal inner medullary collecting duct cells, inhibition of PGE 2 production did not affect cell proliferation or apoptosis, 36 indicating that collecting duct was not the source of cytoprotective prostanoids. Although cultured medullary fibroblasts have been shown to undergo apoptosis in response to hypertonic stress after COX-2 inhibition, 37 the role of COX-2 derived prostaglandins from RMICs in maintenance of papillary integrity in vivo was previously undetermined. The present studies clearly demonstrate that COX-2 in RMICs plays an important role in maintaining structural integrity of all papillary structures subjected to the stress of a high-salt diet.
A recent study examining the role of COX-2 versus COX-1 found that although COX-1 generates orders of magnitude more prostanoids than COX-2, it cannot compensate for loss of COX-2 in renal development, suggesting that COX-2 may serve other functions in addition to or instead of prostanoid function. 38 Further studies will be necessary to determine the mechanisms by which RMIC COX-2 provides papillary cytoprotection.
In summary, RMIC COX-2 expression plays an important role in renal handling water and sodium homeostasis, preventing salt-sensitive hypertension and maintaining structural integrity of papilla.
Perspectives
Our data clearly demonstrate that COX-2 is essential to promote sodium and water excretion in response to acute salt 
